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Abstract
Motivated by the long-standing tension in the muon anomalous magnetic moment
(AMM) and persistent observations of B-physics anomalies in RD(∗) and RK(∗) ra-
tios, we construct a simple two-loop radiative neutrino mass model, and propose a
combined explanations of all these apparently disjoint phenomena within this frame-
work. Our proposed model consists of two scalar leptoquarks (LQs), a SU(2)L singlet
S1 ∼ (3, 1, 1/3) and a SU(2)L triplet S3 ∼ (3, 3, 1/3) to accommodate RD(∗) and RK(∗)
anomalies, respectively. The muon receives chirality-enhanced contribution towards
its g − 2 due to the presence of S1 LQ that accounts for the observed deviation from
the Standard Model prediction. Furthermore, we introduce a SU(2)L singlet scalar di-
quark ω ∼ (6, 1, 2/3), which is necessary to break lepton number and generate neutrino
mass radiatively with the aid of S1 and S3 LQs. We perform a detailed phenomeno-
logical analysis of this set-up and demonstrate its viability by providing benchmark
points where a fit to the neutrino oscillation data together with proper explanations
of the muon AMM puzzle and flavor anomalies are accomplished while simultaneously
meeting all other flavor violation and collider bounds.
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1 Introduction
In the Standard Model (SM), contributions to the anomalous magnetic moment (AMM) of
the muon aµ, arising from loop corrections [1] are calculated with excellent accuracy. On
top of that since experiments determine this quantity to high precision, any deviation from
the theory prediction directly points towards physics beyond the SM (BSM). In fact, there
is a long-standing discrepancy between the theoretical computations [2–4] and its measured
value [5],
∆aµ = a
exp
µ − aSMµ = (2.74± 0.73)× 10−9, (1)
corresponding to a 3.7σ anomaly. In the coming days, the Muon g − 2 Collaboration [6] at
Fermilab is expected to announce their result, which further motivates our investigation of
the possible NP explanation of this anomaly.
Over the last two decades, various mechanisms are proposed to account for this deviation.
Among them the effects of scalar leptoquarks (LQs) on aµ are studied extensively, see for
example Refs. [7–10] for single LQ solution to (g − 2)µ. LQ extensions of the SM has
gained a lot of attention recently, due to their ability in accommodating the persistent
tensions observed in the lepton flavor universality violating B meson decays, particularly
in the RK(∗) and RD(∗) ratios (see for example Refs. [11–79] for both scalar and vector LQs
explanations). These anomalies include flavor changing neutral current b → s, as well as
flavor changing charged current b→ c transitions, which we briefly summarize below.
Recent measurements have observed notable digressions from the SM predictions in the
following two ratios associated with neutral current transition:
RK =
Γ(B → Kµ+µ−)
Γ(B → Ke+e−) , RK∗ =
Γ(B → K∗µ+µ−)
Γ(B → K∗e+e−) . (2)
Theory predictions of these ratios are:
RSMK = 1.0003± 0.0001 [80], RSMK∗ = 1.00± 0.01 [81]. (3)
On the contrary, the combined results of Run-1 data and Run-2 data of LHCb finds:
RexpK = 0.846
+0.06+0.016
−0.054−0.014, 1.1 GeV
2 < q2 < 6.0 GeV2 [82], (4)
for the RK ratio. Here the first uncertainty is statistical and the second uncertainty is
systematic, and dilepton invariant mass squared is represented by q2. This amounts to a
tension of about & 2.5σ between the theory and experiment. As for the RK∗ ratio, the Belle
collaboration finds the following values at low and high q2 bins:
RexpK∗ =
0.90
+0.27
−0.21 ± 0.10, 0.1 GeV2 < q2 < 8.0 GeV2 [83],
1.18+0.52−0.32 ± 0.10, 15 GeV2 < q2 < 19 GeV2 [83].
(5)
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Even though these values are in harmony with the SM, results from the LHCb show signif-
icant deviations compared to theory predictions,
RexpK∗ =
0.660
+0.110
−0.070 ± 0.024, 0.045 GeV2 < q2 < 1.1 GeV2 [84],
0.685+0.113−0.069 ± 0.047, 1.1 GeV2 < q2 < 6.0 GeV2 [84].
(6)
These measured values in both low and high q2 bins point towards & 2.5σ deviation from
SM values. Discrepancies observed in the RK and RK∗ ratios have gained much curiosity in
the theory community due to their trustable theory predictions, since hadronic uncertainties
cancel out in these ratios.
Concerning the charged current transitions, experiments have observed noteworthy de-
viations from the SM values in the following two ratios:
RD =
Γ(B → Dτν)
Γ(B → D`ν) , RD∗ =
Γ(B → D∗τν)
Γ(B → D∗`ν) . (7)
The corresponding SM predicted values of these quantities are,
RSMD = 0.299± 0.003 [85, 86], RSMD∗ = 0.258± 0.005 [87–89]. (8)
Persistent disagreement when compared to the SM predicted values in these ratios have
been measured independently by several different experiments. Deviations in the B → Dτν
transition are observed by Babar [90, 91] and Belle [92–95], whereas discrepancies in the
B → D∗τν transition are measured by Babar [90, 91], Belle [92–95], and LHCb [96, 97]
collaborations. The combined world averages of these measurements amount to:
RexpD = 0.334± 0.031 [95, 98–100], RexpD∗ = 0.297± 0.015 [98–100]. (9)
Experimental results of RD and RD∗ ratios indicate a tension of about & 3σ from the SM
predictions. These observed significant deviations are also taken seriously in the particle
physics community because the corresponding SM calculations are reliable as these ratios
are largely insensitive [89] to hadronic uncertainties.
The outstanding tension of the muon AMM together with the large deviations measured
in the lepton flavor universality violating decays of the B mesons clearly indicate the ex-
istence of new physics beyond the SM. As already aforementioned, scalar leptoquarks are
the prime candidates in resolving these observed anomalies. However, a single scalar LQ
cannot accommodate for three of these anomalies simultaneously. So first, we identify the
pair of LQs that can do our desired job. For a TeV scale LQ, a large enough contribution is
required to account for ∆aµ data, which can be provided if both the left-handed and right-
handed chiral couplings of the LQ are present [10]. This requirement is satisfied by only two
scalar LQs, S1 ∼ (3, 1, 1/3) and R2 ∼ (3, 2, 7/6). It is interesting to realize that either of
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these two LQs can accommodate anomalies in the RD and RD∗ ratios at the tree-level (see
for example Ref. [56]). On the other hand, S3 ∼ (3, 3, 1/3) is the only scalar LQ that can
correctly incorporate RK and RK∗ anomalies at the tree-level (see for example Ref. [56]).
By following the above discussion, in this work, we postulate that the NP beyond the
SM contains S1 and S3 LQs. With these in hand, one must ask the obvious question:
how to give mass to the neutrinos1? The reason for this is, even though neutrinos remain
massless in the SM, observations of neutrino oscillations are securely established by a number
of experiments [101–107]. Hence, any BSM construction is obliged to explain the origin
of neutrinos masses and mixings. It gives rise to a more appealing scenario if the BSM
states introduced to resolve these tensions also participate in neutrino mass generation
mechanism2. Since proper explanations of the above-mentioned anomalies demand TeV
LQs, it is evident that the only natural choice to generate neutrino mass is via quantum
corrections [108–114]. However, with just S1 and S3 LQs added to the SM, neutrinos cannot
get mass3. We must introduce one more BSM particle in the theory. One obvious and simple
choice is to extend the scalar sector by a color sextet diquark4 ω ∼ (6, 1, 2/3), which is a
singlet under the SU(2)L. Addition of this scalar diquark (DQ) breaks the lepton number
by two units, and Majonara mass for the neutrinos are then generated at the two-loop level,
in which all three BSM particles run through the loop.
In a nutshell, we propose a framework in which the neutrino mass, the muon anomalous
magnetic moment puzzle, and B-physics anomalies in the RD(∗) , RK(∗) ratios have a common
origin. We perform a comprehensive phenomenological analysis of this set-up and discuss
the feasibility of interpreting these anomalies as well as explaining the neutrino oscillation
data.
1Instead of S1, if R2 is used in association with S3, neutrino mass generation and reconciling B-physics
anomalies are discussed in Refs. [70, 78].
2 See for example Refs. [18, 21, 33, 38, 53, 69, 70, 78, 79] that unify neutrino mass generation mechanism
with B-physics anomalies.
3Extension of the SM with S1 and S3 LQs was considered in Ref. [75] without addressing the question of
neutrino mass generation. On the other hand, in Ref. [71], vectorlike-quarks ∼ (3, 2,−5/6) was introduced
in addition to S1 and S3 LQs to give neutrinos non-zero masses.
4Ref. [115] proposed neutrino mass generation at the two-loop by introducing S1 and ω, and discussed
collider implications of the new colored states. Ref. [38] considered the scenario of utilizing S3 instead of S1
in neutrino mass generation and to incorporate only RK(∗) anomaly. Furthermore, Ref. [69] had the same
particle content as that of [38] and their work focused on explaining RK(∗) and B → Kpi anomalies. None of
these frameworks can simultaneously explain the tensions in the RD(∗) and aµ, which we attempt to achieve
in this work.
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2 The Set-up
Our proposed model consists of three BSM scalars, a SU(2)L singlet LQ S1 ∼ (3, 1, 1/3),
a SU(2)L triplet LQ S3 ∼ (3, 3, 1/3), and a SU(2)L singlet DQ ω ∼ (6, 1, 2/3). S1 and
S3 LQs are introduced to accommodate the RD∗ and RK∗ flavor anomalies, respectively.
The existence of S1 LQ can account for the anomaly observed in the muon AMM aµ.
Furthermore, both these LQs accompanied by the DQ ω participate in generating neutrino
mass radiatively at the two-loop level, as shown in Fig. 1. As already aforementioned,
existance of the DQ is required to break lepton number by two units, and provide mass
to the neutrinos. Hence, in our model neutrinos are Majorana like fermions. The Yakawa
couplings associated to the LQs are given as follows [116]:
L ⊃ yLij Qciiσ2S1Lj + yRij ucRiS1`Rj + ySij Qciiσ2(σaSa3 )Lj + h.c., (10)
as usual, here Q and L are the left-handed quark and lepton doublets of SU(2)L, and
dR, uR, and `R are the right-handed down-type quark, up-type quark, and charged lepton,
respectively, which are all singlets of SU(2)L. Here σa(a = 1, 2, 3) are the Pauli matrices,
and {i, j} are flavor indices. Moreover, Sa3 are the components of S3 in the SU(2)L space.
In the above Lagrangian, we have neglected the S3 couplings to diquarks to ensure proton
stability. The Yukawa couplings yL, yR and yS are a priori arbitrary 3 × 3 matrices in the
flavor space.
To calculate the flavor observables, it is convenient to write the above Lagrangian in the
charged fermion mass eigenbasis, for which we make the following transformations of the
fermion fields:
dL → dL, uL → V †uL, `L → `L, νL → UνL ≡ νˆL. (11)
Here U and V are the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) and Cabibbo-Kobayashi-
Maskawa (CKM) matrices, respectively. Moreover, following the notation of Ref. [33] we
have defined νˆ that represents the neutrino weak-eigenstate. With these, the Lagrangian
takes the following form:
LS1 = −yLijdcLiS1/31 νˆLj + (V ∗yL)ijucLiS1/31 `Lj + yRijucRiS1/31 `Rj + h.c., (12)
LS3 = −ySijdcLiS1/33 νˆLj −
√
2ySijd
c
LiS
4/3
3 `Lj +
√
2(V ∗yS)ijucLiS
−2/3
3 νˆLj
− (V ∗yS)ijucLiS1/33 `Lj + h.c., (13)
Lω = yωijdcRiωdRj + h.c. (14)
In the above set of Lagrangian terms, the Yukawa couplings of the DQ scalars are also
summarized, which will be required for neutrino mass generation. Note that yω is a 3 × 3
symmetric matrix in the flavor space.
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Before proceeding any further, here we clarify few assumptions that we make. First, we
assume all Yukawa couplings to be real for simplicity. The electroweak (EW) symmetry
breaking will split the masses of the three component fields that belong to the triplet LQ.
However, the splitting among different comments are highly constrained by EW precision
measurements, this is why we chose them to be degenerate in mass. Subsequently, we ignore
any mixing between the S1/31 and S
1/3
3 states. These assumptions can be trivially guaranteed
by appropriately choosing the corresponding quartic couplings in the scalar potential. We
denote the masses of the scalars by M1, M3, and MDQ for S1, S3, and ω, respectively.
νL dL dR dR dL νL
ω2/3
φ1/3 φ1/3
Figure 1: Representative Feynman diagram for generating neutrino masses at the two-loop
order. There are two separate diagrams corresponding to either φ = S1/31 or φ = S
1/3
3 .
In this given set-up, the neutrino mass generation occurs at the two-loop level via the
diagrams as shown in Fig. 1. Note that there are two independent diagrams, one with
φ = S
1/3
1 and the other with φ = S
1/3
3 . These two-loop neutrino mass diagrams utilize the
following cubic coupling terms in the scalar potential:
V ⊃ µ1S1S1ω∗ + µ3S3S3ω∗ ⊃ µ1S1/31 S1/31 ω−2/3 + µ3S1/33 S1/33 ω−2/3. (15)
With these, the neutrino mass formula has the following form [115]:
Mνij = 24µp ypli mdll yωlk Iplk mdkk ypkj. (16)
Here md = diag{md,ms,mb} is the diagonal down-quark mass matrix. In this mass formula
there are two terms, one for p = 1 for which, we have µp = µ1, yp = yL, and the second
for p = 3 that corresponds to µp = µ3, yp = yS. Since the down-quark masses are very
small compared to the LQ and DQ masses, the loop integrals have the following simple and
generation independent form:
Iplk =
1
256pi4
1
M2p
I
[
M2DQ
M2p
]
, (17)
I [r] =

pi2
3
; r  1,
1
r
(
−1 + pi2
3
+ (log[r])2
)
; r  1.
(18)
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Here Mp = M1 (M3) for p = 1 (p = 3). Since the mass generation occurs at the two-
loop level, TeV scale BSM states running in the loop naturally provide tiny masses to the
neutrinos without requiring the Yukawa couplings to be abnormally small. In fact as we will
show, Yukawa couplings of order 0.01 − 1 are the prerequisite for concurrent explanations
of B-physics anomalies, muon AMM, as well as neutrino oscillation data.
3 Resolving Anomalies
3.1 (g − 2)µ
When considering LQ solutions to lepton AMMs, it is well known that relevant contributions
can only be provided by a non-chiral LQs [10] as discussed above. Among the only two non-
chiral LQs R2 and S1, the latter is present in our set-up. Even though both S1 and S3 can
in principle contribute to a` within our scenario, only effects coming from S1 are important
due to chiral enhancement. The dominant one-loop contributions to charged lepton AMM
are presented in Fig. 2.
` `
γ
qi
φ1/3 ` `
γ
φ1/3
qi
Figure 2: Dominant contributions to the anomalous magnetic moments to charged leptons.
The effective Lagrangian from which a` is calculated can be written as [10,117,118]:
La` = e`
(
γµAµ +
a`
4m`
σµνFµν
)
`, (19)
where the field strength tensor is defined as Fµν = ∂µAν − ∂νAµ, and the NP contribution
to the AMM is calculated from ∆a` = i m` (σL + σR). Here the amplitudes σL,R can
be computed from the effective Lagrangian that leads to ` → `′γ, which is given below
[10,117,118],
L`→`′γ = e
2
`′iσµνFµν
(
σ``
′
L PL + σ
``′
R PR
)
`. (20)
To a very good approximation we find the corresponding amplitudes relevant to our study
have the following expressions (by setting ` = `′):
σ``L,R =
iNc
16pi2M21
(
mtVtby
L
t`y
R
t`
[
7
6
+
2
3
log[xt]
])
, (21)
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where we have assumed all couplings to be real. These amplitudes then lead to the following
expression for the muon AMM arising dominantly from S1 LQ:
∆aµ ' − 3
8pi2
mtmµ
M21
yL32y
R
32
[
7
6
+
2
3
log[xt]
]
. (22)
Here we have used the color factor Nc = 3, Vtb = 1, and xt = m2t/M21 . Due to the top-
quark mass insertion inside the loops as shown in Fig. 2, the observed enhanced value of
the muon magnetic moment can be naturally incorporated within this framework for a TeV
scale leptoquark.
3.2 RK and RK∗
It is remarkable that S3 is the only scalar LQ that can simultaneously account for RK < RSMK
and RK∗ < RSMK∗ at tree-level. Processes of the form B → K(∗)`+`′− can be described by the
following effective Hamiltonian
Hdd``eff = −
4GF√
2
VtjV
∗
ti
( ∑
X=9,10
Cij,``
′
X Oij,``
′
X
)
+ h.c., (23)
where the effective operators are given by
Oij,``′9 =
α
4pi
(
diγ
µPLdj
) (
`γµ`
′) , Oij,``′10 = α4pi (diγµPLdj) (`γµγ5`′) . (24)
After integrating out the heavy leptoquark and combining the Yukawa part of the La-
grangian associated to S3 as given in Eq. (13) with the above effective Hamiltonian lead to
the following purely vector Wilson coefficients at the LQ mass scale:
C``
′
9 = −C``
′
10 =
v2
VtbV ∗ts
pi
αem
ySb`′
(
ySs`
)∗
M23
. (25)
By assuming the NP coupling to electrons is negligible (leading to ` = `′ = µ), the observed
values of the RK and RK∗ ratios then can be explained with C229,10 < 0. Wilson coefficients
of this type are generated within our framework by the S3 LQ couplings to muons over the
electrons as depicted in Fig. 3 (left diagram).
An excellent fit to the flavor ratios associated with the neutral current transitions can be
found with C229 = −C2210 = −0.53 [119], and the allowed range of values of these coefficients
are [−0.61,−0.45] (1σ confidence level) and [−0.69,−0.37] (2σ confidence level).
Discrepancies are also founds in few other observables related to neutral current pro-
cesses. For example the most significant departure has been found in the angular observable
P ′5 in the B → K∗µµ decay [120–122]. Unlike RK(∗) , these additional quantities suffer from
hadronic uncertainties and we do not include them in our analysis.
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bs
µ
µ
S3
b
c
τ
ν
S1,3
Figure 3: Feynman diagrams representing b→ sµ−µ+ (left) and b→ cτν (right) transitions
within our set-up.
3.3 RD and RD∗
As for the charged current process b→ cτν that is responsible for B meson decays B → Dτν
and B → D∗τν get contributions from both S1 and S3 LQs at the tree-level. Feynman
diagrams that lead to such processes are shown in Fig. 3 (right diagram). Processes of
these types can be described by considering the following effective Hamiltonian:
Hdu`νeff =
4GF√
2
Vcb
[
CfiV
(
`Lγ
µνLi
)
(cLγµbL) + C
fi
S
(
`RfνLj
)
(cRbL)
+CfiT
(
`Rfσ
µννLi
)
(cRσµνbL)
]
+ h.c.,
(26)
where in the SM CSMV = 1. In the above effective Hamiltonian, both S1 and S3 contribute to
the vector Wilson coefficient, whereas only S1 participates in the scalar and tensor Wilson
coefficients, which at the LQ mass scale have the following forms:
CfiS = −4CfiT = −
v2
4Vcb
yLbi
(
yR
)∗
cf
M21
, (27)
CfiV =
v2
4Vcb
[
yLbi
(
V ∗yL
)∗
cf
M21
−
ySbi
(
V ∗yS
)∗
cf
M23
]
. (28)
We will focus on scenarios where dominant coefficients are the ones with i = 3, which
corresponds to lepton flavor conservation [12, 17, 33, 123–126]. Then the expressions of the
RD and RD∗ ratios are given by [127]:
RD 'RSMD
(∣∣1 + C33V ∣∣2 + 1.54Re [(1 + C33V )(C33S )∗]+ 1.09 ∣∣C33S ∣∣2
+1.04Re
[
(1 + C33V )(C
33
T )
∗]+ 0.75 ∣∣C33T ∣∣2) , (29)
RD∗ 'RSMD∗
(∣∣1 + C33V ∣∣2 − 0.13Re [(1 + C33V )(C33S )∗]+ 0.05 ∣∣C33S ∣∣2
−5.0Re [(1 + C33V )(C33T )∗]+ 16.27 ∣∣C33T ∣∣2) . (30)
In these formulas, the Wilson coefficients are given at the low scale µ = mb.
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In addition to RD(∗) , there are a number of observables associated to the charged current
processes that indicate disagreements to some extent when compared to the SM values.
Such as the ratio RJ/ψ of the tauonic mode to the muonic mode for B → J/ψ`ν [128], the
longitudinal polarization of the D∗ denoted by fD∗L [129], and polarization asymmetry in
the longitudinal direction of the tau in the D∗ mode denoted by P∗τ [94]. These observables
have comparatively large error bars, hence we focus only on explaining RD(∗) .
3.4 Synopsis
Here we discuss the textures of the Yukawa coupling matrices required for a combined
explanations of the aforementioned phenomena that we want to achieve in this work. First
note that three Yukawa coupling matrices, yL,S,ω enter in the neutrino mass formula given
in Eq. (16). Among them, yL participates in explaining both the muon AMM and RD(∗)
anomalies, whereas yS takes part in incorporating RK(∗) and RD(∗) ratios. The only Yukawa
coupling matrix, yR that does not contribute to neutrino masses, however plays significant
role in resolving tensions in aµ and RD(∗) .
As for the neutrinos, two mass squared differences and three mixing angles have been
measured with great accuracy. Even though the hierarchical pattern, whether normal or-
dering (m3 > m2 > m1) or inverted ordering (m2 > m1 > m3) is not yet known, inverted
ordering is less favored by the data. Hence in this work, we stick to normal ordering for
the neutrinos. In addition to masses and mixings, if neutrinos are Majorana fermions, then
there are three more physical quantities exits in the neutrino sector. One of them is the
Dirac phase, and rest two are Majorana phases. Dirac phase, which has not been measured
yet directly has large uncertainty [130], and we have no clue about the range of the Majo-
rana phases. In this work, we take all parameters to be real, and do not focus on predicting
these phases. An overview of the most recent global fit [131] to the neutrino oscillation data
are given as follows:
∆m221 (10
−5eV 2) = 7.39+0.21−0.20; ∆m
2
31 (10
−3eV 2) = 2.523+0.032−0.030; (31)
sin2 θ12 = 0.31
+0.013
−0.012; sin
2 θ13 = 0.02241
+0.00066
−0.00065; sin
2 θ23 = 0.558
+0.020
−0.033. (32)
Following the aforementioned discussions on reconciling these anomalies along with neu-
trino oscillation data, we adopt the following form of the Yukawa coupling matrices:
yR =

0 0 0
0 0 ∗
0 ∗ 0
 , yL =

0 0 0
0 ∗ ∗
0 ∗ ∗
 , yS =

0 0 0
0 ∗ ∗
∗ ∗ ∗
 , yω =

0 0 0
0 ∗ ∗
0 ∗ ∗
 . (33)
The entries in blue plays role in ∆aµ, the entries in green enters into the RK(∗) expressions,
and the couplings in red contribute to RD(∗) ratios. Additionally the entries in black are
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introduced to get consistent fit to the neutrino masses and mixing angles. A few comments
are in order regarding the choice of the above Yukawa couplings matrices. Since explanations
to the B meson decay anomalies demand the existence of most of the entries in the lower
2 × 2 blocks, it is a natural choice to populate yω matrix in the same lower 2 × 2 block.
We intentionally do not introduce any couplings with the first generation of quarks in the
above matrices, since these couplings are severely constrained by many different experiments.
However, it is easily understood that filling out all entries in the lower 2× 2 block are not
sufficient to give a realistic fit to the neutrino data. Introducing yω21 or yω31 term does not
change the above conclusion either. This leaves us with four different minimal options,
considering one non-vanishing term from the set {yS21, yS31, yL21, yL31}. Instead of exploring all
such possibilities, we fix yS31 6= 0 for the rest of the paper. In the next section, we elucidate
the experimental constraints on the aforementioned non-zero Yukawa couplings.
Before closing this section, here we briefly discuss the loop corrections and running of the
Wilson coefficients. The QCD corrections to the matching on 2-quark-2-lepton operators
mediating semileptonic B decays have been recently computed in Ref. [132]. This correction
leads to a shift of the Wilson coefficients Eqs. (25), (27), and (28) that are
CS → CS
(
1 +
2αs
pi
)
, (34)
CT → CT
(
1 +
8αs
2pi
+
4αs
3pi
log
[
µ2
M2LQ
])
, (35)
CV → CV
(
1 +
17αs
6pi
+
αs
pi
log
[
µ2
M2LQ
])
. (36)
These QCD corrections enhance the contributions to about 10% which definitely favor to-
wards the explanations of B meson decay anomalies. Furthermore, to evaluate the above-
mentioned flavor ratios we run these operators to the bottom-quark mass scale at which the
relevant form factors are calculated. We use the Flavio package [133] to do this running
(see also Ref. [134]) and find the following relations between the two different scales:
CS(µ = mb) = 1.646 CS(µ = MLQ), (37)
CT (µ = mb) = 0.863 CT (µ = MLQ), (38)
CV (µ = mb) = 1.0 CV (µ = MLQ). (39)
In this calculation, we have fixed MLQ = 1200 GeV, and mb = 4.18 GeV is used. The
relation between the scalar and the tensor Wilson coefficients also gets modified at the low
scale, which we find to be CS(µ = mb) = −7.63 CT (µ = mb).
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4 Correlated Observables
In the previous sections, we have discussed the NP contributions to the muon AMM and
RK∗ , RD∗ flavor ratios, and the neutrino mass generation mechanism is introduced in Sec.
2. Accommodating these significant deviations from the theory predictions lead the way
to various flavor violating processes that are severely constrained by experimental data. In
this section, we consider all such relevant processes and discuss the associated constraints
on the model parameters.
4.1 `→ `′γ Processes
The effective Lagrangian leading to radiative decays of the charged leptons `→ `′γ is given
in Eq. (20). Although both LQs mediate these dangerous processes, S1 mediated τ → µγ
receives chirality-enhanced effect from top-quark, which is the strongest constraint of our
model. The branching ratio associated to these process are calculated by the following
formula [117]:
Br(`→ `′γ) = τ` α m
3
`
4
(
|σ``′L |2 + |σ``
′
R |2
)
, (40)
where τ` is the lifetime of the initial state lepton and we derive the following expressions of
the amplitudes originating from S1 and S3 LQs [117,118]:
σifL,S1 =
iNc
16pi2M21
{
(V yL)∗qf (V y
L)qimf
−1
12
+ (yR)∗qf (V y
L)qimq
(
7
6
+
2
3
log(xq)
)}
, (41)
σifR,S1 =
iNc
16pi2M21
{
(V yL)∗qf (V y
L)qimi
−1
12
+ (V yL)∗qfy
R
qimq
(
7
6
+
2
3
log(xq)
)}
, (42)
σifL,S3 =
iNc
16pi2M23
mi
{
(V yS)∗qf (V y
S)qi
−1
12
+ (yS)∗qfy
S
qi
1
3
}
, (43)
σifR,S3 =
iNc
16pi2M23
mf
{
(V yS)∗qf (V y
S)qi
−1
12
+ (yS)∗qfy
S
qi
1
3
}
. (44)
Here as before xq = m2q/M2LQ. However, for q 6= t, the replacement of mq → µLQ inside
the log-function needs to be made for consistency, for details see Ref. [75]. In the above
formulas terms proportional to yR(yR)∗ are not shown, since they vanish for our choice of
the Yukawa textures. In the following we summarize the current experimental limits on
these processes [135,136]:
Br (µ→ eγ) < 4.2× 10−13, (45)
Br (τ → eγ) < 3.3× 10−8, (46)
Br (τ → µγ) < 4.4× 10−8. (47)
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4.2 `→ `′`′`′′ Processes
The interaction terms that lead to ` → `′γ also generate the rare lepton flavor violat-
ing decays ` → `′`′`′′. LQs present in our set-up induce these processes at the one-loop
level. Decays of these types proceed via penguin-diagrams with Z and γ exchanges, and
via box-diagrams with quarks and LQs inside the loops. The corresponding box-diagram
contributions are always somewhat smaller than the penguin-diagrams, hence we neglect
those terms. Branching ratios of such decay channels can be written as [137–141]:
Br(`−l → (3`n)−) =
α2em
5
`i
32piΓ`i
{
|T1L|2 + |T1R|2 +
(|T2L|2 + |T2R|2)(16
3
ln
m`i
m`n
− 22
3
)
− 4 Re[T1LT ∗2R + T2LT ∗1R] +
1
3
(
2
(|ZLgLl|2 + |ZRgRl|2)+ |ZLgRl|2 + |ZRgLl|2)
+
2
3
Re[2 (T1LZ
∗
LgLl + T1RZ
∗
RgRl) + T1LZ
∗
LgRl + T1RZ
∗
RgLl]
+
2
3
Re[−4 (T2RZ∗LgLl + T2LZ∗RgRl)− 2(T2LZ∗RgLl + T2RZ∗LgRl)]
}
. (48)
A slight modification of the above expression is required when there are two different lepton
flavors in the final state [140,141]:
Br(`−l → `−m`−n `+n ) =
α2em
5
`i
32piΓ`i
{
2
3
(|T1L|2 + |T1R|2) +
(|T2L|2 + |T2R|2)(16
3
ln
m`i
m`n
− 8
)
− 8
3
Re[T1LT
∗
2R + T2LT
∗
1R] +
1
3
(|ZLgLl|2 + |ZRgRl|2 + |ZLgRl|2 + |ZRgLl|2)
+
2
3
Re[T1LZ
∗
LgLl + T1RZ
∗
RgRl + T1LZ
∗
LgRl + T1RZ
∗
RgLl]
− 4
3
Re[T2RZ
∗
LgLl + T2LZ
∗
RgRl + T2LZ
∗
RgLl + T2RZ
∗
LgRl]
}
. (49)
Photon (Z-boson) penguin-diagrams are encoded in the T1L,1R and T2L,2R (ZL,R) terms. We
derive the following expressions of these terms from S1 and S3 LQs:
T S1,S31L = 0, (50)
T S11R =
−3
16pi2M21
(V yL)ql(V y
L)∗qm
[(
4
9
+
1
3
log(xq)
)
2
3
− 1
54
]
, (51)
T S31R =
−3
16pi2M23
{
(V yS)ql(V y
S)∗qm
[(
4
9
+
1
3
log(xq)
)
2
3
− 1
54
]}
, (52)
T S12L =
−3
16pi2M21
{[
1
6
(V yL)ql(V y
L)∗qm +
mq
ml
(V yL)ql(y
R)∗qm
(
3
2
+
1
3
log(xq)
)]
2
3
+
[
1
12
(V yL)ql(V y
L)∗qm −
1
2
mq
ml
(V yL)ql(y
R)∗qm
] −1
3
}
, (53)
T S12R =
−3
16pi2M21
{[
mq
ml
yRql(V y
L)∗qm
(
3
2
+
1
3
log(xq)
)]
2
3
+
[
−1
2
mq
ml
yRql(V y
L)∗qm
] −1
3
}
, (54)
T S32L =
−3
16pi2M23
{
1
12
(V yS)ql(V y
S)∗qm −
1
3
ySql(y
S)∗qm
}
(55)
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T S32R = 0. (56)
ZS1,S3L = 0, (57)
ZS1R =
−3
16pi2M21
(V yL)ql(V y
L)∗qm
m2Z sin
2 θW cos2 θW
{
3
4
m2l guR −m2q (1 + log(xq)) guL −
3
4
m2l gS1
}
, (58)
ZS3R =
−3
16pi2M23
1
m2Z sin
2 θW cos2 θW
{[
3
4
m2l gdR −m2q (1 + log(xq)) gdL −
3
4
m2l g
d
S3
]
ySql(y
S)∗qm
+
[
3
4
m2l guR −m2q (1 + log(xq)) guL −
3
4
m2l g
u
S3
]
(V yS)ql(V y
S)∗qm
}
. (59)
Here we have defined: gfL = I
f
3 − Qf sin2 θW , gfR = −Qf sin2 θW , gS1 = sin2 θW/3 = guS3 ,
and gdS3 = 4 sin
2 θW/3. Moreover, θW is the Weinberg angle.
The current experimental bounds of these processes are quoted below [142,143]:
Br(µ± → e±e+e−) < 1.0× 10−12, (60)
Br(τ± → µ±µ+µ−) < 2.1× 10−8, (61)
Br(τ± → µ±e+e−) < 1.5× 10−8. (62)
4.3 Z → ``′ Processes
The Z-boson decays to leptons receive contributions from the LQs that constraint the
Yukawa couplings. These processes are explained with the following effective Lagrangian:
δLZto``′eff =
g
cos θW
∑
f,i,j
fγµ
(
gijfLPL + g
ij
fR
PR
)
fjZµ. (63)
Here g is the SU(2)L gauge coupling. These dimensionless couplings gij are very accurately
measured at the LEP [144] that provide stringent constraints on the associated Yukawa
couplings for a fixed LQ mass. NP contributions to these dimensionless couplings can be
expressed as follows [145]:
Re
[
δg`L,R
]ij
=
3wutj(w
u
ti)
∗
16pi2
[
(guL,R − guR,L)
xt(xt − 1− log xt)
(xt − 1)2
]
+
xZ
16pi2
∑
q=u,c
wuqj(w
u
qi)
∗
[
− guR,L
(
log xZ − 1
6
)
+
g`L,R
6
]
+
xZ
16pi2
∑
q=d,s,b
wdqj(w
d
qi)
∗
[
− gdR,L
(
log xZ − 1
6
)
+
g`L,R
6
]
, (64)
When calculating δgL we have defined wuij = (V yL)ij, wdij = 0 (wuij = −(V ∗yS)ij, wdij =
−√2ySij) for S1 (S3) LQ. Similarly while calculating δgR we make the replacements wuij = yRij ,
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wdij = 0 (wuij = 0, wdij = 0) for S1 (S3) LQ. The results from the LEP collaboration [146]
provide the following limits on the NP contributions:
Re[δgeeR ] ≤ 2.9× 10−4, Re[δgµµR ] ≤ 1.3× 10−3, Re[δgττR ] ≤ 6.2× 10−4, (65)
Re[δgeeL ] ≤ 3.0× 10−4, Re[δgµµL ] ≤ 1.1× 10−3, Re[δgττL ] ≤ 5.8× 10−4. (66)
Furthermore, the branching ratio for the processes Z → ``′ are given by [145]:
B(Z → fif¯j) = mZλ
1/2
Z
6piv2ΓZ
[ (|gijfL|2 + |gijfR |2)
(
1− m
2
i +m
2
j
2m2Z
− (m
2
i −m2j)2
2m4Z
)
+ 6
mimj
m2Z
Re
[
gijfL
(
gijfR
)∗] ]
, (67)
here λZ ≡ [m2Z − (mi −mj)2][m2Z − (mi +mj)2]. Both LEP and LHC results put limits on
these branching ratios which are [147–149] summarized below:
Br(Z → e±µ∓) < 7.5× 10−7, (68)
Br(Z → e±τ∓) < 9.8× 10−6, (69)
Br(Z → µ±τ∓) < 1.2× 10−5. (70)
As for the neutrinos, Z-decays of the form Z → νν also receive contributions form LQs
that are parametrized by,
Nν =
∑
i,j
∣∣∣∣δij + δgijνLgSMνL
∣∣∣∣2 , N expν = 2.9840± 0.0082 [146]. (71)
Above we have also collected this accurately measured effective number of neutrinos.
4.4 µ− e Conversion
With the choice of the Yukawa coupling matrices given in Eq. (33), S3 LQ mediates µ− e
conversion in nuclei at the tree-level in our model. This conversion rate can be calculated
from the following formula [78,118,150]:
CR(µ− e) = Γ
µ−e
Γcapture(Z)
, (72)
Γµ−e = 2G2F
∣∣∣(2V (p) + g(u)LV V (n))g(u)LV ∣∣∣2 , (73)
g
(u)
LV =
−2v2
m2S3
(V ∗yS)u`′ (V ∗yS)∗u`. (74)
Γcapture(Z) is the total capture rate for a nucleus with atomic number Z, which is 13.07×106
s−1 for gold, and the corresponding nuclear form factors are given by [150] V (p) = 0.0974,
V (n) = 0.146 (in units of m5/2µ ). The current sensitivity implies CR(µ− e) < 7×10−13 [151],
whereas the future projected sensitivity is expected to make almost four orders of magnitude
improvement over the current limit CR(µ→ e) < 10−16 [152–158].
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4.5 P 0 → `−`′+
For the explanations of the RK(∗) ratios along with neutrino oscillation data, the NP con-
tributions to the O9,10 operators need to be large. The associated Wilson coefficients C9,10
as given in Eq. (25) then lead to interesting pseudoscalar meson decays via b → sµ+µ−,
b → sµ+τ−, and b → sτ+τ−. The decay width of the process P 0 → `−`′+ can be written
as [159]:
ΓP→`−`′+ = f 2Pm
3
P
G2F α
2
e
64pi3
∣∣VqjV ∗qi∣∣2 η(mP ,m`,m`′)(∣∣∣∣(m` −m`′)mP (Cij;``′9 )
∣∣∣∣2 + ∣∣∣∣(m` +m`′)mP
(
Cij;``
′
10
)∣∣∣∣2
)
.
(75)
For our scenario Bs is the only relevant meson, which corresponds to q = t, j = b, i = s in
the above formula, and the function η is defined as:
η(mP ,m`,m`′) =
√
[1− (m` −m`′)2/m2P ][1− (m` +m`′)2/m2P )]. (76)
The experimental limits on these processes are given below [160–162]:
Br(Bs → µ±µ∓)exp = (3.0± 0.6)× 10−9, (77)
Br(Bs → µ±τ∓)exp ≤ 4.2× 10−5, (78)
Br(Bs → τ±τ∓)exp ≤ 6.8× 10−3. (79)
Among these, only Bs → µ+µ− decay mode has been observed, which is in good agreement
with the SM prediction [163]: Br(Bs → µ+µ−)SM = (3.65± 0.23)× 10−9.
Associated to b → sµ+τ− transition there is another important constraint that comes
from B → K decay that has the following branching ratio [164]:
Br(B+ → K+τ±µ∓) = {9.6 (|C239 |2 + |C329 |2)+ 10 (|C2310 |2 + |C3210 |2)}× 10−9, (80)
with the following bound on this process [165]:
Br(B+ → K+τ±µ∓) ≤ 4.8× 10−5. (81)
4.6 B → K(∗)νν
Both S1 and S3 LQs can induce B → K(∗)νν decay at the tree-level via dk → djνν processes.
The Wilson coefficients responsible for such decays associated to b→ s transition are:
CfiL =
piv2
2VtbV ∗tsα
{
yLbi(y
L)∗sf
M21
+
ySbi(y
S)∗sf
M23
}
. (82)
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Then following [15], the branching ratio for B → K(∗)νν can be expressed as:
RννK(∗) =
1
3|CSML |2
3∑
i,f=1
∣∣∣δfiCSML + CfiL ∣∣∣2 , (83)
this ratio is normalized to SM and CSML = −1.47/ sin2 θW . The Belle collaboration [166]
limits these ratios to be RννK < 3.9 and RννK∗ < 2.7.
4.7 Bc → τν
The same Wilson coefficients that explain RD(∗) in our framework also lead to Bc → τν
decay. The associated branching ratio that depends on the vector and the scalar Wilson
coefficients can be written as [127,167]:
Br(Bc → τν) = 0.023
∣∣1 + C33V − 4.3 C33S ∣∣2 . (84)
The lifetime of Bc has not been measured in the experiments yet. Hence, this quantity
needs to be compared with the theoretical calculations [154,168–171]. By carrying out such
calculations in Ref. [172] and Ref. [173], their results advocate that the NP contributions
to this decay must be Br(Bc → τν) ≤ 10% and Br(Bc → τν) ≤ 30%, respectively. On the
other hand, as argued in Refs. [127, 174], these calculations suffer from theoretical uncer-
tainties, and suggested a conservative limit of Br(Bc → τν) ≤ 60%. It is interesting to note
that R2 LQ explanations to RD(∗) demands much larger values [78] of this branching ratio,
hence such explanations can in principle be ruled out by reducing the corresponding uncer-
tainties in future. On the contrary, the observation of RD(∗) can be properly accommodated
via S1 LQ with smaller values of this branching ratio [75].
4.8 τ → `P 0 Decays
In the SM tau lepton decays into mesons and lighter leptons are not allowed. However,
these lepton flavor violating decays can be significant in the presence of leptoquarks that
provide strong constraints on the Yukawa couplings. Tau lepton decay width for τ → `P 0
process can be written as follows [141]:
Γ(τ → `P 0) = f
2
Pλ
1/2
P
128pim3τ
[(
m2τ +m
2
` −m2P
) (|αP |2 + |βP |2)+mτm`Re(αPβP )] , (85)
where λ(a, b, c) = a2 + b2 + c2 − 2ab− 2ac− 2bc. Within our scenario, the related processes
we need to take into account are for P = φ, η, η′. As for the meson form factors we take the
number quoted in Ref. [26], and their masses are taken from Ref. [144]. From hereafter, we
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will neglect the mass of the lighter charged lepton. With this assumption, the only relevant
terms that enter in Eq. (85) are:
αφ =
mτ
M23
yS23(y
S
22)
∗, (86)
αη =
mτ
2
√
3
(
− 1
M21
(V ∗yL)13(V ∗yL)∗12 −
1
M23
(V ∗yS)13(V ∗yS)∗12
+
1
M21
(V ∗yL)23(V ∗yL)∗22 +
2
M23
yS23(y
S
22)
∗
)
, (87)
αη′ =
mτ
2
√
6
(
1
M21
(V ∗yL)13(V ∗yL)∗12 +
1
M23
(V ∗yS)13(V ∗yS)∗12
+
2
M21
(V ∗yL)23(V ∗yL)∗22 +
4
M23
yS23(y
S
22)
∗
)
. (88)
Current bounds on these processes are [144],
Br(τ → µφ) ≤ 8.4× 10−8, (89)
Br(τ → µη) ≤ 6.5× 10−8, (90)
Br(τ → µη′) ≤ 1.3× 10−7. (91)
(92)
4.9 B0s −B0s Mixing
Concerning the LQs, both S1 and S3 contribute to meson-antimeson mixing. This NP
contribution to B0s − B0s mixing can be described by the effective Lagrangian given below
[175]:
L∆B=2eff = −(CSM1 + CNP1 )
(
bLγµsL
)2
. (93)
Here the SM part is CSM1 = 2.35/(4pi2) (VtbV ∗tsGFmW )
2 [176] and the NP contribution at
the heavy scale (Λ) is given by [75,118,175,177]:
CNP1 =
1
128pi2
{
1
M21
[
(yL)∗2iy
L
3i
]2
+
5
M23
[
(yS)∗2iy
S
3i
]2
+
2
M1M3
[
(yL)∗2iy
L
3i
] [
(yS)∗2jy
S
3j
]}
. (94)
Here we neglect the evolution of CNP1 from high scale to the mw scale. Then the mass
difference is given by:
∆mSM+NPBs = ∆m
SM
Bs
∣∣∣∣1 + CNP1CSM1
∣∣∣∣ . (95)
The SM prediction is ∆mSMBs = (18.3 ± 2.7) × 1012s−1 [178, 179]. This mass difference has
been measured in the experiments [144,180] with great accuracy, which is given by:
∆mexpBs = (17.757± 0.021)× 1012s−1. (96)
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5 Numerical Analysis and Discussion
In this section we perform a numerical analysis of the proposed model to demonstrate how
to reconcile neutrino oscillation data with anomalies in the B meson decays and the muon
anomalous magnetic moment.
First we recall that for simplicity, we consider all parameters of this theory to be real.
Extension to the general case with complex Yukawa couplings is straightforward. In this CP-
conserving scenario, we adopt the Wolfenstein parametrization [181] for the CKM matrix:
V =

1− 1
2
λ2 λ Aλ3ρ
−λ 1− 1
2
λ2 Aλ2
Aλ3(1− ρ) −Aλ2 1
 , (97)
and take values of the mixing parameters λ=0.2248, A=0.8235, ρ=0.1569 [144]. Masses of
the down-quarks enter into the computation of the neutrino mass matrix and we take their
values to be md = 4.7 MeV, ms = 95 MeV and md = 4.18 GeV [144]. Furthermore, for
this numerical study done in this section, we choose M1 = M3 = 0.12Mω and set Mω = 10
TeV. However, masses of these LQs need not be degenerate in general. The masses of the
leptoquarks and diquark chosen here are consistent with collider bounds, which we will
discuss shortly. With degenerate LQ masses and by further assuming µ1 = µ3 = µ just for
simplicity, the neutrino mass formula given in Eq. (16) can be written as
Mνij = m0 ypli mdll yωlk mdkk ypkj, m0 = 3µ/(32pi4M2LQ)I
[
M2DQ/M
2
LQ
]
. (98)
Figure 4: The results of random scans showing the correlations between θ13 and θ12
on the left plot, CR(µ → e) and θ13 on the right plot, respectively. In making these
plots, we have randomly varied the relevant couplings fifteen thousand times in ranges be-
tween: yL22,33, yS33, yω23 = [−0.1, 0.1], yL23, yω22 = [−1.5, 1.5], yL32, yω33 = [−0.05, 0.05], yS22,23,32 =
[−0.5, 0.5], and yS31 = [−0.01, 0.01]. The shaded blue (green) region corresponds to 3σ al-
lowed values of θ13 (θ12). Moreover, in all plots hatched gray area represents experimental
exclusion region of the corresponding quantity.
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Figure 5: The results of random scans showing the correlations between RD∗ and RD on
the left plot, Br(Bc → τν) and RD on the right plot, respectively. Pink dots correspond to
scenario where new physics contribution to B0s −B0s mixing < 10%. Similarly, blue (yellow)
dots correspond to scenario where new physics contribution to B0s−B0s mixing is in between
10% and 20% (20% and 50%). In making these plots, we have randomly varied the relevant
couplings in ranges between: yL,R23 = [−1.7, 1.7], yL,S23 = [−0.5, 0.5], and yL,S33 = [−0.25, 0.25].
The horizontal (vertical) shaded blue (green) region corresponds to 1σ values of RD∗ (RD).
This corresponds to m0 = 1.95× 10−10µ, then µ can be fixed from one of the two measured
neutrino mass squared differences.
As for the neutrinos alone it is trivial to get a fit to the data from the above mass matrix
formula. However, as elaborated in the previous sections, the explanations of the muon
g−2 puzzle, RK , RK∗ and RD, RD∗ flavor anomalies as well as neutrino masses and mixings
are all directly intertwined with each other. Moreover, the same set of Yukawa couplings
also leads to many other flavor violating processes as described in Sec. 4. This makes our
scenario both challenging and attractive at the same time. For illustrations we present some
of these correlations among different physical quantities in Figs. 4, 5, 7, and 6.
The type of Yukawa coupling textures that we consider in this work is already introduced
in Eq. (33). As we have discussed in Sec. 3, in a scenario with only entries in the lower 2×2
blocks for all the matrices does not lead to realistic neutrino fit. It is trivial to understand
that two of the three mixings angles θ12 and θ13 would remain zero in this case. As we have
argued, to alleviate this issue, one needs to consider at least one non-vanishing term among
{yS21, yS31, yS21, yS31}, and we have made an ad hoc choice of yS31 6= 0 just for demonstration. An
immediate consequence is that non-zero yS31 leads to µ→ e conversion in the nuclei. Hence,
neutrino oscillations are directly linked to lepton flavor violating processes. Correlations
among these quantities are depicted in Fig. 4 by randomly varying the relevant Yukawa
couplings.
Since within our scenario, both the vector and scalar-tensor Wilson coefficients take part
in explaining the RD(∗) ratios, significant new physics contributions to B0s − B0s mixing, as
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Figure 6: The results of random scans showing the links betweenBr(Bs → ττ) andBr(Bs →
Kτµ) on the left plot, Br(Bs → Kτµ) and RννK∗ on the right plot, respectively. In making
these plot, we have randomly varied the relevant couplings in ranges between: yL,S22 =
[−0.1, 0.1], yL23, yS23,32 = [−0.5, 0.5], yL32,33 = [−0.05, 0.05], and yS33 = [−1, 1].
well as in B → K(∗)νν process are unavoidable. This situation is illustrated by showing the
interdependence between RD and RD∗ in Fig. 5 (left plot). Here, pink dots correspond to
a scenario where NP contribution to B0s − B0s mixing < 10%. Similarly, blue (yellow) dots
the case where NP contribution to B0s − B0s mixing is in between 10% and 20% (20% and
50%). From this plot, it is clear that a fit to both RD and RD∗ to their experimental central
values require more than 10% contribution to B0s −B0s mixing.
In the same figure, the plot on the right shows the interrelationship between RD and
the branching ratio for Bc → τν. As can be seen from this plot that correct values of RD
and RD∗ ratios can be reproduced within this set-up even with Br(Bc → τν) < 10%, which
is unlike the scenarios when R2 LQ is employed to explain B meson decay anomalies in
the charged current processes that demands large branching ratio of of this process (see
for example Ref. [78]). Another immediate difference between utilizing R2 and S1 that we
point out here is that, even though in our scenario for certain choices of parameters, NP
contributions to Z → τL(R)τL(R) can be large, consistent fits can be obtained where these
relevant contributions are small (see Table I). However, when S1 is replaced with R2 LQ,
NP effects on Z → τL(R)τL(R) decays are usually significant that puts strong restrictions on
the upper limit on the associated Yukawa couplings (see for example Ref. [78]).
The essential parameters that describe the muon AMM and B-physics anomalies, as
well as neutrino oscillation data unavoidably lead to charged lepton and meson decays. In
our set-up, the tau decays to a muon and a photon is the most constraining process. In
fact, as long as τ → µγ decay limit is satisfied, τ → µµµ processes are under control.
Interconnections among tau decays to lighter leptons and a photon, as well as its decays to
meson and lighter leptons are presented in Fig. 7 by varying the relevant Yukawa couplings.
Further correlations among different meson decay modes are portrayed in Fig. 6.
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Figure 7: The results of random scans showing the interrelations between Br(τ → φµ)
and Br(τ → µγ) on the left plot, and Br(τ → φµ) and Br(τ → µγ) on the right plot,
respectively. In making these plots, we have randomly varied the relevant couplings in ranges
between: yR,L32 , yS22 = [−0.05, 0.05], yL22, yS33 = [−0.1, 0.1], yL,S23 = [−0.5, 0.5], yS32 = [−0.2, 0.2],
and yL33 = [−0.006, 0.006].
From our detailed numerical analysis we find that points that satisfy all fit requirements,
branching fractions for τ → µγ, τ → φµ and τ → ηµ are always very close to the current
experiment upper limits (see Table I). As for the lepton flavor violating B meson decays,
Bs → τµ is expected to be within one or two orders below the current experimental limit,
whereas for decays of the form B → Kτµ, the expected branching ratios are just one order
smaller than the current bounds (see Table I). Furthermore, NP contributions to the branch-
ing ratios of Bs → ττ and Bs → µµ are about hundred times enhanced and suppressed,
respectively compared to the SM predictions (see Table I). Some of these enhanced effects,
such as in B → Kτµ and τ → φµ can be tested soon by LHCb and Belle-II collaborations.
For illustration purpose, we also provide concrete benchmark points that incorporate
neutrino masses and mixings, as well as accommodate anomalies in the aµ, RK(∗) , RD(∗) , and
simultaneously satisfy all experimental constraints. Two such benchmark points are given
below:
BM− I : (99)
yL =

0 0 0
0 −0.09485 −1.413
0 0.01699 −0.05935
 , yR =

0 0 0
0 0 1.451
0 0.1900 0
 ,
yS =

0 0 0
0 0.03230 −0.4183
0.002867 0.03398 0.1742
 , yω =

0 0 0
0 −1.451 0.1332
0 0.1332 0.04726
 .
BM− II : (100)
23
yL =

0 0 0
0 −0.03947 −1.337
0 0.01907 −0.05912
 , yR =

0 0 0
0 0 1.579
0 0.1901 0
 ,
yS =

0 0 0
0 −0.06141 0.1807
−0.0009881 −0.01793 −0.4249
 , yω =

0 0 0
0 −0.4746 −1.013
0 −1.013 0.002936
 .
For BM-I (BM-II) we take µ = 131.89 (µ = 489.13) GeV. Associated with these benchmark
points, values of a long list of observables are tabulated in Table I.
5.1 LHC Bounds
In this sub-section, we briefly discuss the collider bounds. There exists dedicated direct
search for LQs at the LHC that provide strong bounds on the masses of the LQs. From our
numerical inspection the typical types of solutions that we get are of similar forms as the
benchmark points presented in Eqs. (99) and (100). This is why it is sufficient to discuss the
representative bounds associated with these benchmark points. Since the Yukawa couplings
are not too large in our scenario, hence the main LHC bounds are coming from the QCD
driven LQ pair-production. Neglecting the t-channel contributions, this corresponds to two
different production mechanism: gluon-gluon fusion (gg → LQLQ), and quark-antiquark
annihilation (qq → LQLQ). Once produced, each LQ will decay into a quark and a lepton,
and the bounds on these LQ masses highly depend on the branching fractions to different
decay modes.
For illustration let us take for example BM-II of Eq. (100) to derive the bounds. The
decay modes of the LQs are then given by:
S
1/3
1 → sLνL(1.3), uLτL(0.3), cLτL(1.3), cRτR(1.5), tRµR(0.2), (101)
S
4/3
3 → sLτL(0.25), bLτL(0.6), (102)
S
−2/3
3 → cLνL(0.22), tLνL(0.61), (103)
S
1/3
3 → sLνL(0.2), bLνL(0.41), cLτL(0.15), tLτL(0.43), (104)
here numbers inside the parentheses are the associated Yukawa couplings. The bounds on
the LQ masses for these decay modes from LHC searcher are given as follows:
LQLQ→ jjνν : 980 GeV (635 GeV); @35.9 fb−1 [182], (105)
LQLQ→ bbττ : 1025 GeV (835 GeV); @36.1 fb−1 [183,184], (106)
LQLQ→ ttνν : 1020 GeV (812 GeV); @35.9 fb−1 [182], (107)
LQLQ→ ttµµ : 1420 GeV (950 GeV); @36.1 fb−1 [185,186], (108)
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Observables BM-I BM-II
∆m221(eV
2) 7.348× 10−5 7.383× 10−5
∆m231(eV
2) 2.526× 10−3 2.524× 10−3
θ12 33.698
◦ 33.813◦
θ23 48.373
◦ 48.055◦
θ13 8.624
◦ 8.615◦
(g − 2)µ 2.718× 10−9 2.688× 10−9
C9 = −C10 -0.528 -0.530
RD 0.339 0.340
RD∗ 0.286 0.285
Br(µ→ eγ) 8.284× 10−15 2.740× 10−16
CR(µ→ e) 3.243× 10−16 1.377× 10−16
Br(τ → eγ) 3.862× 10−14 2.730× 10−14
Br(τ → µγ) 3.860× 10−8 2.750× 10−8
Br(τ → µµµ) 3.844× 10−9 1.147× 10−9
Br(τ → µee) 3.273× 10−9 8.788× 10−10
δgττR 1.467× 10−4 1.732× 10−4
δgττL 3.955× 10−5 6.094× 10−5
Br(Z → µτ) 5.363× 10−15 1.732× 10−12
Br(Bs → µµ) 4.925× 10−11 4.954× 10−11
Br(Bs → µτ) 3.803× 10−7 1.125× 10−6
Br(Bs → ττ) 4.604× 10−5 5.110× 10−5
Br(B → Kµτ) 1.063× 10−6 3.145× 10−6
RννK∗ 1.855 1.656
Br(Bc → τν)% 1.767 1.703
∆mNP+SMBs /∆m
SM
Bs
1.12 1.13
Br(τ → φµ) 2.047× 10−8 1.380× 10−8
Br(τ → ηµ) 4.397× 10−8 3.123× 10−9
Table I: Values of observables associated with the benchmark points given in Eqs. (99),
(100).
LQLQ→ ttττ : 930 GeV (730 GeV); @36.1 fb−1 [183]. (109)
Here the current limits on LQ masses are shown for 100% (50%) branching ratios. “j” repre-
sents a jet that could be any light quark, for example u, d, s, c. Moreover, LHC luminosity
for each search along with the experimental references are shown for each decay modes.
Even though LQLQ → ttµµ decay mode has the largest bound on LQ mass of 1420 GeV,
within our scenario, the corresponding branching ratio is negligibly small, leading to a much
25
lower mass bound. Consequently, the chosen leptoquark mass of MLQ = 1200 GeV for our
numerical analysis safely satisfies all collider bounds.
As for the diquark, LHC searches for dijets in the final state. Diquark mass smaller than
6 TeV is ruled out by recent collider studies [187]. It should be pointed out that this limit
was derived for diquarks that has couplings to up-quarks, which in our case only couples
to down-quarks. Consequently, the lower bound on the mass is expected to be somewhat
smaller. Not to mention, the limits largely depend on the associated branching ratios. In
this work, for simplicity, we assume its mass to be much heavier compared to the LQs such
that all collider, as well as other experimental constraints are automatically satisfied. For
example, among all processes mediated by the DQ, the most dangerous constraint comes
from its contribution to B0s − B0s mixing. Following Ref. [188] we find very strong bounds
on the Yukawa coupling that are given by:
|(yω22)∗ yω33| < 2.177× 10−3
(
Mω
TeV
)2
. (110)
This for Mω = 10 TeV leads to |(yω22)∗ yω33| < 0.2. As can be easily verified from the
benchmark points provided in Eqs. (99) and (100), the types of solutions we achieve meet
all requirements.
6 Conclusion
In this work we have explored the possibility that the neutrino mass, the muon anomalous
magnetic moment puzzle, and B-physics anomalies in the RD(∗) , RK(∗) ratios have a common
origin. Our proposal is a simple extension of the Standard Model that consists of two
scalar leptoquarks S1 ∼ (3, 1, 1/3) and S3 ∼ (3, 3, 1/3), which are accompanied by a scalar
diquark ω ∼ (6, 1, 2/3). The muon receives a large contribution towards its anomalous
magnetic moment due to chirality-enhanced effects from leptoquark S1 that explains aµ data.
This same leptoquark S1 also accommodates for the RD(∗) anomaly, whereas leptoquark
S3 is responsible to account for the tension observed in the RK(∗) ratio. Furthermore,
both S1 and S3 leptoquarks in association with the diquark ω participate in generating
masses for the neutrinos at the two-loop order. A detailed analysis is carried out in this
work, which shows strong correlations among various flavor violating processes, including
neutrino oscillation parameters. In addition to exploring different regions in the parameter
space of the theory, we have demonstrated the feasibility of this framework by providing
benchmark points. These benchmark points successfully accommodate all three anomalies
and naturally incorporate correct neutrino masses and mixings while evading a number of
experimental constraints from lepton flavor violation and flavor changing processes, as well
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as direct searches for leptoquakrs and diquarks at colliders. The lepton flavor violating rare
decays of tau lepton τ → µγ, τ → µφ, and τ → µη are all predicted to be right below the
current experimental upper bound. Other lepton flavor violating meson decays Bs → τµ
and B → Kτµ are expected to lie around one order below the present experimental limit as
well. Hence, this model is very predictive and has the potential to be tested in near future
by LHCb and Belle-II. Besides, the presence of TeV scale leptoquarks can lead the way to
probe this model at the LHC in near future.
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